A sensitive method was proposed and optimized for the determination of total mercury in fish tissue by using wet digestion, followed by cold vapor atomic absorption spectrometry (CVAAS) at the main resonance line of mercury (184.9 nm). The measurements were made using a new type of a non-dispersive mercury minianalyzer. This instrument was initially designed and built for atmospheric mercury-vapor detection. For determining mercury in aqueous samples, the minianalyzer was linked with a mercury/hydride system, Perkin Elmer Model MHS-10. To check the method, the analyzed samples were spiked with a standard solution of mercury. The recoveries of mercury spiked to wet fish tissue were >90% for 0.5 -0.8 g samples. The results showed a better sensitivity (about 2.5 times higher) when using the mercury absorption line at 184.9 nm compared with the sensitivity obtained by conventional CVAAS at 253.7 nm.
Introduction
The determination of mercury in fish is very important because the consumption of fish and other marine organisms is the main cause of human exposure to mercury in areas not-polluted with this element. The mercury content in human organisms is directly related to the consumption of marine fish. It is worth mentioning that various means allowing on to calculate daily mercury intake were developed by taking into account the species and the amount of the consumed fish meat. 1 The most employed method for determining the total mercury in fish and other food samples is cold vapor atomic absorption spectrometry (CVAAS), because it is a very sensitive and wellestablished technique. 2 Almost all of the published methods regarding CVAAS for mercury have utilized the spin-forbidden resonance line at 253.7 nm. [3] [4] [5] [6] [7] Based on the oscillator strength corresponding to the 184.9 nm mercury line (about 50-times greater than that of the 253.7 nm mercury line), an increase in sensitivity at 184.9 nm of at least an order of magnitude, compared to the 253.7 nm absorption line, would be predicted. It was demonstrated by Robinson et al. 8 that the sensitivity of mercury determination at 184.9 nm line was higher than at 253.7 nm, but varied greatly with different types of radiation sources used. One explanation could be self-absorption of the 184.9 nm line of mercury, even in light sources, like a hollow-cathode lamp or an electrode-less discharge lamp. On the other hand, it was known that the radiation absorption of mercury vapors is complicated owing to the fact that this metal exists in seven stable isotopes, each of them capable of absorbing the wings of the emission lines of other mercury isotopes. A special demountable hollow-cathode mercury lamp, 8 in which the cathode was filled with mercury(II) chloride fused at 280˚C was found to give the highest sensitivity for mercury determination by using the line at 184.9 nm (an increase in sensitivity of about 25-times against using the 253.7 nm mercury line) compared with other spectral sources, namely: a Barnes demountable hollow-cathode lamp with a solid copper hollow-cathode amalgamated with elemental mercury (an increase in sensitivity of 4 times), a Hg pen lamp (no pronounced gain in sensitivity), a General Electric OZ 4511 ozone lamp (no pronounced gain in sensitivity) and a Perkin Elmer Hg hollow-cathode (it was not possible to observe the 184.9 nm line). The explanation for this phenomenon was that less mercury vapors were available in the lamp with a hollow cathode filled with mercury(II) chloride to cause self-absorption of the mercury line. Unfortunately, this special type of demountable hollow-cathode mercury lamp is not available commercially.
Other literature data also indicated that mercury determination by CVAAS at 184.9 nm is more sensitive than that at 253.7 nm. [9] [10] [11] [12] [13] In all cases the authors concluded that the sensitivity of mercury determination at 184.9 nm greatly depends on the type of spectral source used. For some types of mercury lamps there was no increase in the sensitivity by working at the mercury line of 184.9 nm.
In a previous study the authors of this paper described the development of a minianalyzer for mercury determination in air by using the mercury line at 184.9 nm. 14 The sensitivity of mercury determination was about 2.50-times higher than by using the mercury line of 253.7 nm under comparable conditions.
The literature survey indicated that few papers were published in the field of atomic absorption determination of mercury at 184.9 nm and, as we know, all of theses are cited in this paper. 
nm Line
In recent years no papers were published on this topic.
The purpose of this study was to extend the initial minianalyzer's domain of application (conceived for the determination of mercury vapors in air) to the determination of total mercury in fish samples. For this purpose, the samples were digested and then the resulting solutions were analyzed by using a minianalyzer coupled with a mercury vapor-generation system (Model MHS-10 from Perkin Elmer). The initial internal configuration of the minianalyzer was slightly modified.
A comparison between mercury determinations in fish samples at 184.9 nm by using the minianalyzer and at 253.7 nm by using a conventional Perkin Elmer spectrometer was made.
Experimental

Reagents and chemicals
All reagents used were of analytical grade with a low mercury content: KMnO4 (Spolek, Cehia), H2SO4 (< 0.0000005% Hg; Fluka), HCl (Aldrich), SnCl2 (Fluka), HNO3 (< 0.0000005% Hg; Fluka), hydroxylamine hydrochloride (Fluka), 99.999% purity argon (Linde).
The following solutions were prepared: 5% SnCl2 solution in 10% HCl; 6% KMnO4 solution; 20% hydroxylamine hydrochloride solution; 1.5% HNO3 solution obtained by diluting the corresponding volume of 65% HNO3 with distilled water; 1.5% H2SO4 obtained by diluting the corresponding volume of 98% H2SO4 with distilled water; the acid mixture resulting by blending in equal volumes of the two solutions, 1.5% HNO3 and 1.5% H2SO4.
A 10 mg L -1 standard mercury solution was prepared by diluting the corresponding volume of a commercially available mercury standard solution (Merck, c = 995 mg L -1 in 1% HNO3) with the acid mixture mentioned above (1.5% HNO3 and 1.5% H2SO4) to a final volume of 50 mL. In order to stabilize the mercury in solution as Hg 2+ , 5 drops of 6% KMnO4 were added to the 50 mL flask where the standard was prepared.
With the purpose of eliminating all error sources, mercury standard solutions as well as samples to be analyzed and blanks were prepared similarly by the same mineralizing procedure. A 100 μg L -1 mercury standard solution was prepared by mineralizing the corresponding volume of a 10 mg L -1 standard mercury solution by following the procedure used for fish sample digestion.
Apparatus
A minianalyzer based on the measuring of the absorption of the 184.9 nm mercury line was designed and built for determining mercury vapors in air. 14 A new mercury analyzer based on the principle of CVAAS is different from the commercially available ones. This instrument was adapted for the determination of mercury from liquid samples. For this purpose it was removed by minianalyzer's air pump and this was coupled to a mercury vapor generating system from a liquid sample. It consists of three main parts (Fig. 1) .
(I) A source of radiation used for spectral calibration, a lowpressure mercury lamp, a Cathodeon-type TUV6WE;
15 a flow cell with quartz windows, 260 mm length and 17 mm in diameter; a new type of radiation detector (a photomultiplier tube with a CsI cathode, Hamamatsu Photonics Deutschland GmBH Type R8487) sensitive only to vacuum UV radiation; an electronic part of amplification and signal processing and a displaying system.
(II) A purification system (filters for removing from air and analyzed samples the particles and water vapors; a "zero" mercury gas filter; a filter for the exhaust air purification of mercury vapors).
(III) A generating system of mercury vapors from liquid samples by using a reductive solution and a flow of argon (MHS-10 mercury/hydride system from Perkin Elmer). 16 The minianalyzer's functioning principle was as follows ( Fig. 1 ): by turning a three-way valve (9), the gas flow could pass through the calcium chloride cartridge (10) for trapping the water vapors, "zero" mercury gas filter (11) for trapping the trace of mercury vapors and then through the flow cell (2). After about 2 min, the point "zero" of the measuring device was adjusted. For the analysis of mercury vapors generated in the gas flow by the analyzed sample, the three ways valve (9) was turned, the gas flow was dried by passing through the calcium chloride cartridge (10′) and then introduced into the flow cell. The 184.9 nm radiation absorption by mercury vapors from gas flow was measured.
The minianalyzer's detector was a PMT with a CsI cathode (Hamamatsu Photonics Deutschland GmBH), known under the name of "solar blind detector" due to its very low sensitivity to radiation at wavelengths over 200 nm. The radiation of mercury with wavelengths under 184.9 nm was completely absorbed by the flow cell's quartz windows. Thus, this type of detector measured selectively only the absorption of the 184.9 nm mercury line. The interference of the mercury line at 194.2 nm was negligible. The developed minianalyzer was a nondispersive instrument. No filters, lens or monochromators were used for developing it. 17 Thus, it was less expensive and much more simple compared to the corresponding dispersive analyzers. A "zero" mercury gas filter, which absorbed any mercury vapor traces present in the gas flow, consisted of gold deposited on quartz wool. 18 It was necessary for adjusting in the calibration graph, the point "0" concentration of mercury in the gas flow. For all determinations it was used a flow of argon. Two calcium chloride cartridges (10, 10′) were mounted, one on the sample path and the other on the gas with a "zero" mercury path, in order to retain water vapors. The water vapors absorbed into some extent the radiation at 184.9 nm, and therefore these had to be removed from the analyzed gas. The generated mercury vapors from the analyzed sample were purged with a flux of argon. 
Working procedure
In order to perform comparative determinations by CVAAS at 184.9 and 253.7 nm, the flow cell of the minianalyzer was connected in series to the measurement cell of Analyst 700 AAS from Perkin Elmer.
Determinations could be made simultaneously for the same sample. An Analyst 700 AAS spectrometer is provided with a quartz cell with open windows of 165 mm in length and 12 mm in diameter.
Standard mercury solutions with a volume of 10 mL and concentrations of 0.6, 0.9, 1.2, 2, 5, and 10 μg L -1 , used for drawing the calibration curve, were prepared in the reaction vessel of a Perkin Elmer MHS-10 mercury/hydride system by introducing corresponding volumes of a 100 μg L -1 mineralized standard solution and of a mineralized calibration blank.
The minianalyzer was connected to a mercury hydride system, and through that was passed a flow of argon at a flow rate of 3.5 mL/min. A rapid increase in the absorbance was registered on the minianalyzer display due to 184.9 nm mercury line absorption by the atmospheric oxygen existing in the system.
A sharp decrease in the absorbance value was then noticed towards the base line, following the air expelling out of system by the argon flow. In that moment, a volume of 7 mL reducing agent (5% SnCl2 preparated in 10% HCl) was added to the reaction vessel. Hg 2+ ions in solution were thus reduced to elementary Hg, and the resulting mercury vapors were transported by the argon flow into the minianalyzer quartz cell. The maximum absorbance values for blank and mercury standards were taken down and calibration line plotted. The blank value was subtracted from the absorbance values of the mercury standards. A calibration line was then drawn similarly by using the conventional Analyst 700 AAS coupled to the MHS-10 mercury/hydride system.
Fish samples preparation by wet digestion
Fish samples from three different species (trout, crucian and cod) were purchased from a local supermarket. They were kept in a refrigerator (at -20˚C), and before each analysis at room temperature for 1 h.
The following stages were run: a) fish tissue was separated from the other parts; b) fish tissue was cut in little pieces with a plastic knife; c) an excess of humidity from fish pieces was removed using filter paper; d) samples between 0.5 -0.8 g were weighed and transfered to Erlenmeyer flasks with a volume of 300 mL, in three replicates corresponding to each analyzed sample; e) 5 mL concentrated H2SO4 was added over the fish pieces in each flask; f) after covering the flasks containing samples, they were thermostated in a water bath at 70˚C for 1 h; g) flasks were then taken out of the water bath and placed on an ice bath for cooling; to each of them, 50 mL of 6% KMnO4 was added in order to oxidize the interferring organic substances; h) flasks were then introduced into the water bath and thermostated at 55˚C for 2 h; i) flasks were cooled down to room temperature; j) excess of 6% KMnO4 was neutralized by adding 15 mL of 20% hydroxylamine hydrochloride to each flask when any solution decoloration was observed. Finally, three replicates of 10 mL from each sample were analyzed.
The mixture of sulfuric acid and potassium permanganate has been proved to be the best digestion mixture for this type of sample, when the mercury determination was conducted at 184.9 nm. By using for digestion nitric acid in a microwave digestion unit at high pressure, a very high background was obtained for the determination of mercury at 184.9 nm, 19 (e.g. for analysis of blood samples). For this reason, we avoided this type of digestion for fish samples.
Results and Discussion
The calibration curve
Two calibration curves (Fig. 2) were drawn on different days (the time elapsed between the two sets of measurement was 7 days) by using both the minianalyzer, which made measurements at 184.9 nm, and a conventional AAS, which used the 253. By comparing the measured values corresponding to mercury standards, as read individually on each of the two instruments, one can draw the conclusion that the minianalyzer working at 184.9 nm is 20-times more sensitive than the Analyst 700 at 253.7 nm. If we take into account the flow-cell lengths of the two instruments (260 mm for minianalyzer (inner diameter, 17 mm) and 165 mm for the commercial spectrophotometer (inner diameter, 12 mm)), the minianalyzer is 12.70-times more sensitive than the latter instrument. We consider that a small difference in the internal diameter of these two flow cells does not have any significant influence on the mercury determination sensitivity. The sensitivity of the mercury minianalyzer is 0.04 μg L -1 (for 10 mL of the analyzed solution after the addition of 7 mL of SnCl2, corresponding to a measured value of 0.0044). 2 The detection limit was 0.01 μg L -1 (defined as 3-times the standard deviation of the blank concentration). The relative standard deviation was 2.3% for a mercury concentration of 2 μg L -1 (n = 6). However, this high sensitivity was obtained by signal amplification and processing, which allowed us to display a value 5-times higher than the one corresponding to the absorbance of the mercury vapors (A = log(Iincident/Itransmitted)). Taking into account the value of the absorbance, the improvement in the sensitivity for mercury determination with the minianalyzer, under comparable conditions, was 2.54-times greater than with the Analyst 700.
This relatively small increase in sensitivity could be explained by self-absorption of the mercury line, which may be reduced by decreasing the power applied to the lamp. Unfortunately, the 1123 ANALYTICAL SCIENCES SEPTEMBER 2007, VOL. 23 electric power applied to the lamp was settled at a fixed value by the manufacturer of the lamp and of its power supply. Under these conditions, it was not possible to optimize the power applied to the mercury lamp, and thus to increase the sensitivity of mercury determination.
Influence on the sensitivity of mercury determination by coupling a minianalyzer in series with an Analyst 700 AAS
In order to perform a comparative determination by CVAAS at 184.9 and 253.7 nm, the flow cell of the minianalyzer was connected in series to the measurement cell of the Analyst 700 AAS from Perkin Elmer. In this manner, the determination could be performed simultaneously for the same sample at both wavelengths. The two instruments were connected in series by means of a glass tube 5 mm in diameter and 300 mm in length placed between the minianalyzer quartz cell exit and the quartz cell of the Analyst 700 AAS.
We noticed that the sensitivity in mercury determination by using a Perkin Elmer spectrophotometer would decrease because of being connected to the minianalyzer. A sensitivity decrease was established by drawing calibration lines of both simultaneously with the two instruments in series, as well as separately by using only the Analyst 700. The calibration line obtained with the Analyst 700 connected to the minianalyzer was: y = 0.0041x + 0.0005; R 2 = 0.9987, and that obtained with the Analyst 700 alone was: y = 0.0051x + 0.0003; R 2 = 0.9995. This means a decrease in sensitivity of about 20% of the measurement made with the Analyst 700 coupled to the minianalyzer. This decrease in sensitivity may be explained by dilution with air of the mercury vapor cloud during transport through the flow cell of the minianalyzer and through the connecting tube between the two devices.
Analysis of fish samples
The mercury content in samples from different fish species (cod, trout and crucian) were determinated. Cod is an oceanic predator fish, and therefore the mercury concentration in it is higher. For this reason, the mercury concentration could be determined with good results by means, of both a less sensitive technique (CVAAS at 253.7 nm), as well as a more sensitive one compared to that proposed by us (CVAAS at 184.9 nm).
The previously described digestion procedure was applied. Mercury was determined in digested samples by a simultaneous analysis at two different wavelengths (184.9 and 253.7 nm) with the mercury minianalyzer and the Analyst 700 AAS connected in series.
Then, the same mineralized samples were conventionally analyzed by CVAAS at 253.7 nm by using the Analyst 700 AAS alone. Preliminary instrument calibration was made by using the calibrating blank and mineralized standards under the same conditions as for the samples. The results of mercury determination in a cod sample bought in a hypermarket are given in Table 1 .
A very good concordance was found between the results obtained from the two instruments in series and those obtained by using the Analyst 700 alone.
In the case of the analysis of a fish sample with a low content of mercury (trout from a breeding pond and Danube crucian), mercury concentrations corresponding to absorbances of <0.0044 were obtained with the Analyst 700; that is, below the lower limit of quantification. However, this type of sample was analyzed without any difficulty by using the developed minianalyzer. These results are listed in Table 2 .
As can be seen from Table 2 , the analysis of spiked samples of trout and crucian indicated a recovery of added mercury between 86 and 110%. Taking into account the complexity and low concentration of mercury in the analyzed sample, we consider that the above recoveries of mercury are good, and that they confirm the accuracy of the developed method.
Conclusions
The applicability domain of a low-cost minianalyzer made for atmospheric mercury detection by using the mercury line at 184.9 nm has been extended to determining this element in aqueous samples, with a sensitivity of 0.04 μg L -1 . The detection limit was 0.01 μg L -1 (defined as three-times the standard deviation of the blank concentration). The relative standard deviation was 2.3% for a mercury concentration of 2 μg L -1 (n = 6). 
Analyst 700 AAS in series Analyst 700 AAS alone a. Measured value (five times the absorbance value). b. Absorbance. c. All values are a mean of three measurements ± k × combined standard uncertainty (where k = 2 for 95% confidence limits). d. The absorbance values under the sensitivity limit of the atomic absorption techniques. e. Recovery. The recovery of mercury was calculated by determination of mercury quantity from a fish sample and from a fish sample spiked with a known quantity of mercury. The difference between these corresponds to the recovered mercury. The percent ratio between recovered and added mercury gives the recovery rate.
A wet digestion method was proposed for the analysis of fish samples. In order to minimize the errors, the same method of digestion was applied for blank and mercury standards, from which calibration standards were subsequently prepared.
The equations of the calibration lines are y = 0.1063x -0.0027 (R 2 = 0.9995) for the minianalyzer and y = 0.0051x + 0.0003 (R 2 = 0.9995) for the Analyst 700 AAS.
The analysis of spiked samples with a known quantity of mercury was used in order to verify whether the applied working procedure was subject to matrix effects. The recovery outputs of added mercury were between 85.96 and 109.68%. The high recovery for added mercury in a sample with a low concentration of mercury could be explained by a memory effect. It was made by a comparison of mercury determination by CVAAS using the mercury line at 184.9 nm and the mercury line at 253.7 nm. The determination of mercury at 184.9 nm for the same length of the flow cell was 2.54-times more sensitive than at 253.7 nm. The developed method based on CVAAS at 184.9 nm was also more sensitive than other methods reported in the literature for the determination of mercury in fish, in which measurements were made at 253.7 nm. [20] [21] [22] The necessary equipment for developing the measurements at 184.9 nm presented in this paper was cheaper and simpler than that commercially available for mercury determination by CVAAS at 253.7 nm.
It was demonstrated that a sensitive mercury minianalyzer developed for air analysis could be used with good results for measuring the concentration of mercury in liquid samples of digested fish, after only a slight modification (a pump disconnecting and a mercury vapor generating system coupling).
